Abstract-The channel quality indicator (CQI) feedback is an essential technique in describing channel state information, especially at high-speed mobility for LTE and LTE-A systems. The number of reported CQI feedback increases when a large number of users are served by eNodeB. However, this feedback inevitably entails uses and can lead to severe degradation in system throughput. Therefore, an appropriate method for reducing CQI feedback overhead must be developed. In this paper, the system throughput and bit error rate (BER) are investigated by using a threshold feedback compression scheme of CQI at low and high user speeds. Results show that the system throughput proportionally increases with the threshold values at the cost of BER. Therefore, a high threshold level is recommended under high user speed conditions to improve the tradeoff between BER and throughput. In contrast, a low threshold level is targeted to provide reliable transmission when the network is fully loaded and the user is in a bad channel state.
INTRODUCTION
Long Term Evolution (LTE) is a new radio access technology that can provide a smooth extension of the thirdgeneration (3G) mobile communication system, reduce latency, as well as improve throughput, coverage, and spectral efficiency [1] . LTE supports a scalable bandwidth and operates in both duplex time-division duplexing (TDD) and frequency-division duplexing (FDD) [2] . The advanced techniques, such as orthogonal frequency division multiplexing (OFDM) and multi-input/multi-output (MIMO) are adopted to further improve system reliability and performance. The advanced adaptive modulation and coding (AMC), as well as frequency-domain packet scheduling (FDPS) procedures have also been employed in LTE and LTE-A cellular systems to optimize overall system performance [3] .
However, an instantaneous channel indicator condition referred to as a channel quality indicator (CQI) must be determined by Evolved Node B (eNodeB) for the accurate scheduling decisions. The CQI maps the channel status to an index form, which is reported by the user equipment (UE) to eNodeB [4, 5] . In practical deployment, an extensive feedback from all users to the serving eNodeB is required to provide CQI at eNodeB. However, this feedback overhead is inevitably cost to the uplink resources and leads to severe degradation in system performance. Therefore, an appropriate mechanism to compress the feedback represented by the CQI must be established [6] .
The CQI is reported on a per sub-band basis, in which the size of the sub-band varies according to the feedback mode and the system bandwidth. The reference technique for reporting CQI is generally known as the full feedback, which is unrealistic because full feedback costs large amounts of signaling overhead. The best method for reporting CQI is the one that achieves the best trade-off between system performance and feedback overhead.
Several techniques have been proposed to obtain appropriate feedback reduction. Previous studies mainly used approaches such as CQI based on wideband feedback and CQI feedback, which is the UE-selected sub-band (or best-M) CQI. The wideband CQI method is a CQI value reported for the whole system band. This technique reduces the overhead but fails to describe instantaneous variation across the channel. In the UEselected sub-band method, the UE reports M sub-bands and indices to identify the selected sub-bands [11, 13] . These CQI feedback techniques include CQI feedback reduction based on discrete cosine transformer (DCT) [7, 8] ; CQI feedback compression based on the hierarchical tree structure [9, 10] ; and the CQI feedback method based on the threshold value [11, 12] . This paper presents a threshold feedback compression scheme of CQI in a 3GPP-LTE\LTE-A system. The UE receives the signal and estimates the channel condition. The estimated channel parameters, such as the signal-to-noise ratio (SNR), is subsequently mapped to discrete values representing the CQI index by using low-complexity exponential effective signal-to-interference plus noise ratio mapping (EESM) [14, 15] . The UE then reports the calculated CQI values to eNodeB by using different threshold feedback values. The ability of the system will be examined by using different user mobility speeds for the fast fading model in the LTE system to track the channel condition. The eNodeB will apply a scheduling decision and a suitable modulation and coding scheme (MCS) accordingly.
The rest of paper is organized as follows. In Section 2, the LTE physical structure is presented. The CQI feedback schemes are discussed in Section 3. In Section 4, the threshold feedback compression scheme of CQI is addressed.
The simulation assumption and the results under different proposed scenarios are discussed in Section 5. Finally, this paper is concluded in Section 6, which also provides recommendations for future studies.
II. LTE LINK LEVEL STRUCTRE
OFDM is a current technique in LTE downlink transmission that allows the concurrent transmission of different data packets by assigning different frequencies to the user. Radio resources in LTE are specifically represented by block structures in time and frequency domains. In the time domain, the duration of the downlink frame is 10 ms, as shown in Fig. 1 . These frames are divided into 10 sub-frames that represent the transmission time interval (TTI) of 1 ms. each sub-frame is accordingly divided into two time slots of 0.5 ms, which are represented by 6 or 7 OFDM symbols per slot depending on the cyclic prefix (CP). The CP is a guard time duration that facilitates the nearly complete elimination of a multipath-induced inter-symbol interference. In the frequency domain, the available bandwidth is divided into physical recourse blocks (PRBs). Each PRB consists of 12 subcarriers with a spacing of 15 kHz. Therefore, the PRB is a grid of 84 resource elements each that can be represented by 2, 4, or 6 bits according to the used modulation order QPSK, 16 QAM, and 64 QAM, respectively [16] .
The CQI is an index from 1 to 15 values as considered in the 3GPP-LTE standard [17] . Each value represents a combination of the modulation order and the coding rates according to specific mapping. A higher index value typically yields a higher modulation and coding rate.
An appropriate scheduling algorithm is used by eNodeB to allocate specific PRBs to the UE according to the CQI reported by the users. This algorithm improves the spectral efficiency. Table I illustrates the scalability in the bandwidth supported by the 3GPP-LTE/LTE-A system and the occupied features related to each bandwidth on the basis of the number of RBs and subcarriers as well as the FFT size.
In a 3GPP-LTE system, CQI generation begins at eNodeB, as shown in Fig. 2 . The eNodeB sends pilot signals as reference signals to the UE. The signals occupy specific resource elements on the PRB grid. On the terminal side, the UE receives the pilot signal. The channel state information is then estimated based on the pilots. The estimated channel parameters, such as SNR and EESM, are consequently mapped into discrete values that represent the index of CQI. The UE sends the CQI values to the served eNodeB by using one of the feedback mechanisms. Then, the CQI mapping strategy from the EESM can be represented as [18] . (1) where, R is the number of used resources. The factor is adjusted using link level simulation to match the SINR and obtain the MSC according to the CQI value. The function f refers to the exponential for EESM.
III. CQI FEEDBACK SCHEMES
Channel feedback is a special feature in LTE in contrast to earlier 3GPP releases because this feedback depends on the frequency selectivity of the report. The eNodeB can control the number of times that the user feedback returns channel state information. 3GPP specifies two variable types of feedback: periodic and aperiodic. In the aperiodic type of feedback, the frequency is selective and supported by the physical uplink shared channel (PUSCH). Aperiodic feedback occurs when the UE is requested by eNodeB to send detailed information. In the periodic type of feedback, the frequency is non-selective and occurs on the physical uplink control channel (PUCCH) and the PUSCH [19] .
CQI reflects the variation within the channel state and affects the propagated signal during communication between eNodeB and the UE. In LTE, the CQI performs an important function in providing channel information to eNodeB. This information is used for the adaptation to the transmission process, such as the MCS, number of transmitting and receiving antennas, and power level requirement. Therefore, system performance is inevitably affected by these adaptations [14, 20] . Providing full feedback for all PRBs also results in an excessive uplink signaling overhead (hundreds of bits) per subframe. Some feedback compression schemes proposed in earlier studies are discussed in the following sub-section.
Different schemes are used to compress CQI feedback from the UE. The wideband CQI feedback method can most easily reduce the number of CQI bits because only one CQI is sent to cover the entire system band. However, this approach fails to provide sufficient information to eNodeB on the frequencydomain behavior of the channel. When the cell is heavily loaded or a large number of users need to be scheduled, the wideband CQI method would be the appropriate choice. In contrast, the full-feedback CQI technique provides a CQI for each sub-band. However, this method is unrealistic because it causes signaling overhead, resulting in excessively detailed CQI reports and degradation of system performance.
The UE selects the sub-band CQI feedback (best-M CQI), which is also considered in the 3GPP standard. This method can be categorized into different approaches related to the same principle of the best-M value [12, 21, 22] . The best-M individual transmits the full best-M CQI sub-band values, and the indices describe the location of the best-M CQI. An average best-M CQI method occurs when the user selects the best-M sub-band and then reports the average value of those M sub-bands. The final type related to the best M is the best-M differential modulation (DM). In this method, the user feedbacks the location of the best-M CQI sub-bands, CQI reference, and DM CQIs according to the reference for the M selected sub-bands.
Another method for reducing the CQI feedback is the discrete cosine transform (DCT)-based significant-M CQI. This method uses the DCT to compresses and quantizes the CQI values before these values are sent to eNodeB. The CQI compression technique, which exhibits a hierarchical structure, is used to divide the entire system bandwidth into sub-bands.
IV. THRESHOLD-BASED CQI FEEDBACK COMPRESSION SCHEME
Threshold-based CQI compression scheme provides a simple method of reporting the CQI. This approach depends on providing information on only the average CQI value above a certain threshold and the corresponding indices of the sub-band information. The highest CQI value is identified for the entire occupied system bandwidth, depending on the upper bound of the used threshold window. All CQI values exceeding the threshold are reported. The averaged value of the CQI information is then sent to eNodeB, together with the corresponding sub-band location. In eNodeB, the scheduler uses the CQI values to assign an appropriate MCS. The reliability and fairness of the scheduling decision entirely depend on the previously used threshold value.
Therefore, we study different threshold values under different scenarios to monitor the effect of these values on system performance. A sufficient CQI value that enables eNodeB to describe the real channel conditions is necessary. The system performance is evaluated by using 3, 180, and 240 kmph speeds to determine the behavior of the system with threshold values varying from 0 to 6.5 (the threshold) to report lower values to eNobeB. The lower threshold value indicates from low to high CQI, whereas the higher threshold value indicates only low high CQI. The BER is reduced based on this evaluation.
We also need to determine the best threshold value to obtain a lower BER and better system throughput than that of other values, with consider overhead and fairness. The overhead, referred to as "size" is derived as S B CQI Threshold (2) S is determined by the occupied bandwidth, including a specific number of resource blocks and the threshold value that allows the selection of the reporting level from these subbands. The word size equation of all previous methods is given in Table II [23] .
Where M represents the best-M sub-bands; B, the CQI bits; and S, the number of occupied sub-bands, which depends on the number of PRB.
V. RESULTS AND DISCUSSION
A 2 × 2 MIMO LTE system is considered here. In this case, the number of streams must not exceed two. The antenna spacing is assumed to be 0.5m. The performance of system throughput is examined by using the threshold feedback compression scheme to compress the CQI feedback at a high user speed The simulation parameters and assumptions are given in Table III . The first scenario evaluates the throughput with an SNR of 10 dB for variable threshold values at three different speeds; 3, 180 and 240 kmph for two different users. Fig.3 shows the throughput for both users gradually increases with the threshold values.
The second user is simulated to be located away from eNodeB; thus, the behavior of the second user is worse than that of the first user, who is located close to eNodeB. The throughput for both users at a low user mobility of 3 kmph is very close to high threshold values above 5; however, this high throughput degrades the BER performance. When the threshold value exceeds 5.5, both users perform almost similarly because many CQI indices beyond these values are ignored.
The system throughput for the first user slightly drops at a speed of 180 kmph compared with that at 3 kmph. When the threshold value exceeds 3, the system throughput will decline for the second user. This degradation is caused by the rapid change in the channel state and reports a small CQI value, which directly affects the reliability in the system performance. By contrast, the system throughput improves at 240 kmph when the threshold level exceeds 4. This behavior reveals that a large threshold value is recommended to markedly reduce the CQI reported when the speed is increased. Therefore, eNodeB can more quickly track the CQI. Although using such a threshold value sharply increases the throughput and decreases the feedback overhead, the use is not reliable in practice because of the lack of fairness provided to a user with a bad channel condition. Fig. 4 clearly shows the performance of the system throughput for both users has been improved when SNR is increased.
The system throughput for the second user at 240 kmph performs worse at low and medium threshold levels than at a high level because of the hardness in the track of the reported CQI. Under the same speed, the behavior of the system throughput also improves when the threshold is increased to more than 5. The evaluation and investigation of BER for two different users with different threshold values are drowned. The BER performance improves for the second user at a high SNR of 25 dB. Therefore, the compression technique exhibits no effect on the system at a high SNR but remained unrealistic because fairness is not considered.
In Fig. 5 at a low speed of 3 kmph, the BER is slightly degraded. However, with high threshold value, the fewer modulation orders and a small code rate are not requested, as clearly shown. Therefore, only the reported values need a high modulation order of 64 QAM, which would be feedback and inevitably markedly increase the throughput but at the cost of BER especially at low SNRs. For the second user, the high threshold values gives less degrades in BER compared with low threshold value.
This explains the need for high modulation orders when the user locates far from the eNodeB. When the speed is increased to 180 kmph as shown in Fig. 6 , the second user becomes worse than the first one, especially at a low SNR of less than 10 dB. When the SNR is increased, the BER is decreased. The BER also increases when the threshold is at a low level, such as 2.
In Fig. 7 , the BER increases when the speed is high at 240 kmph compared with that in previous scenarios. For all scenarios at low and high mobility, the first user, who is close to eNodeB, has less BER than the second user, who is far from eNodeB. This result reveals the bad channel state of the user located far from eNodeB and the low CQI feedback values.
VI. CONCLUSION
A performance evaluation of the threshold feedback compression scheme of CQI in a 3GPP LTE/LTE-A system has been performed. Two mobile users with different speeds are observed to monitor the system throughput and the BER. A high threshold has performed better than a low threshold at high-speed mobility in the tradeoff between the throughput and the BER. In contrast, low threshold is targeted to provide a reliable transmission when the network is fully loaded and the user is in bad channel state. We intend to examine an adaptive threshold technique that switches between high and low thresholds in our future work. This new technique can use a weighting factor to prioritize the throughput or BER according to the speed and traffic load condition of the users.
